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MULTIPIOTON PROCESSES IN SCATTERING AND IONIZATION
IN AN INTENSE LINEARLY-POLARIZED RADIATION FIELD

BY G. CSANAK' and L.A. COLLINS
Group T—4, Theoretical Division, Lcs Alamos National Laboratory
Joos Alamos, NM 87545, USA
* University of Tsukuba, Tsukuba, Japan

We have employed the Gavrila~Kaminski formulation for the conversion of the
time-dependent Schrodinger equation to a set of coupled differential equations that
describe the interaction of an electron with a proton in the presence of an intense
linearly-polarized radiation field in the Kramers—Henneberger gauge. The
differential equations are solved numerically by a linear algebraic prescription
effectively applied to electron-molecule collisions. We studied both
eleciron—proton collisons assisted by the laser field and multiphoton ionization of
H. In the former, we observed the capture-escape resonances while in the latter,

w“;e/ found evidence of the stabilization mechanism as the intensity reaches 1018
W/cma.

1. Introduction

The interaction of an intense radiation field with atoms is usually
characterized in terms of the time-dependent(TD) Schrcdinger equation, whose
solution is complicated by having both spatial and temporal dimensions. Gavrila
and Kimenski(1984) proposed a procedure for transforming .7 a tima—independent
set of coupled differential equations for the Fourier components of the TD
wavefunction in the Kramers-Henneberger gauge(Kramers,1956; Henneberger,1968).
In its simplest form, the formulation describes the intercction of an electron with
an atomic potential in the presence of a laser field. The technique has been
applied to a wide variety of field-assisted processes including scattering,
bound-bound  transitions, and photoionization(Faisal,1973; Gersten and
Mittleman,1976; Guisti-Suzor and Zoller,1989; ont ect.al., 1988 and 1990,
Pont,1989; Pont and Gavrila,1990). The method relics upon only a few general
hypotheses: 1) the dipole approximation, 2) a nonreclativistic treatment, and 3) a
monochromatic radiation field, and within these limitations, provides a completel
ﬁncral approach provided that the coupled equations can be cfficiently converged.

ost applications to date have dealt with uncoupled systems of equations that
represent the high-frequency and high-intensity limit.  Such calculations depict
actual physical situations only in very limited circumstances. Several groups have
extended the calculations to energetically coupled chnnnels(l)imou and [Faisal, 1984,
Franz et.al.,1990; Marte and Zo?lcr,1991) but have restricted the treatment to
circularly polarized light and to one—dimensional models(Bhatt ct.al.|1988). In
addition, Marte and Zoller have developed a multi—channcl quantum defect scheme
for handling the highly-excited Rydberg-like channels. Limiting applications to
circularly polarized ﬁght may impose scrious restrictions on the technique due to
the limited coupling range and the specialized reduction inherent in the rotating
frame.  In order to demonstrate the full power of the technigne, we have
performed calculations in the coupled-<hannel formulation for linearly -polarized
light  We report the observation of capture- escape resonances in the seattering of
clectrons from  protons in the presence of an intense field. In addition, we
investigate the multiphoton ionization of atomie hydropen in the superintensity
range of up to 10 W/em?



2. Formulation

We describe the interaction of an electron with a proton in the presence of

an oscillating clectric ficld by the time-dependent(TD) Schrodinger cquation in
atomic units?a.u.):

[_ % v+ V(r) + E -r cos(wt)]tp =i g{k , (1)

where the Laplacian represents the kinetic energy operator of the clectron, V(r)
designates the Coulombic interaction —1/|r| of the electron with the proton, and
E, labels the electric field. We have employed the semiclassical construction in
which we treat the particles quantum mechanically and the field classically. In
addition, we 1nvoke the usual dipole approximation. For our purposes, the
validity of these conventions and approximations is well established. We
transform to the Kramers— Henneberger gauge[Gavrila and Kaminski,1984], which
we represent schematically by the replacement r -+ r + aft) with oft) the
dassical radius vector of the electron under the influence of only the radiation
field. The resulting transforrned Schrodinger equation has form

1 o2 .
[-gv + Ve + a(t)]]pp:lg{' . 2)
Bg- choosing A = a sinwt for the vector potential of the radiation field, we
obtain,
a(t) = (a/w) cosut = ay cosut, (3)

with the displacement selected along the polar axis(a,= ao; and ap= Eo/wz).
We follow the usual Floquet prescription and represent the wavefunctior as
the product of a periodic compunent ¢ and a part depending on a quasicnergy E,

Wet) = o Ay (4)

We further expand the periodic part in a Fouricr series and make a single—center
expansion of the spatial function as,

L R _. .
Wrt) = e - ‘>_‘ o inet ‘2 0 m"(r)Yt“mn(l‘) (5)

: (
N=- a m
' n'"n

with . representing the angular coordinates (0,4), 0 the angle between , and r.
Substituting Eq.(5) into (2), multiplying through by a specific Fourier and angular
component

exp(in’ an) Y,“,m""t) ,

and anteetating over a pentod of the field['T 2nfw) as well as anple, we denve @
set of coupled second order differential equations
P f(fF 1) ) -
d ntn A\ :
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where k,2 = (E + nw),

1/2
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with u = cos(wt), v = cos(ﬁ, and Ty(u) [Px(v)], the Chebyshev[Legendre]
polynomial of order k. e Clebsch-Gordan coefficients are given by
C(l)l5l;] mymom;), and the channels ' = (n,4) are labeled by a Fourier-state
quantum number n and its associated angular momentum quantum number &,.
We extract the scattering information by matching the a-—raptotic form of these
radial components to the usual K-matrix conditions from which we also calculate
the S and T matrices. The coupled—channel equa.tions(ﬁ& have several important
properties: 1) they are block—diagonal in the azimuthal quantum number(m,=
m,’= ni); 2) only channels of the same parity[(n + &), even or odd] couple; 3),
they display a close resemblance to those for electron scattering from a linear
ionic diatomic molecule. The first property implies that we may solve the
coupled equations independently for each value of m although the Fourier n and
partial wave {, components stit’l couple. The second condition simplifies the form
of the structure of the equations by forcing certain matrix elements to vanish.
Finally, the last observation has allowed us to bring the full lore of
electron—molecule collision theory and computations to bear on the intense field
interaction.

In order to solve Eq.(6) numerically, we invoke the close— coupling(CC)
approximation by which we truncate the expansion at a finite number of
channels,N. In the inner region (r ¢ a,), we convert Eq.(6) to a set of coupled
integral equations and determine a solution by means of a lincar algebraic(LA)
prescription(Collins and Schneider,1981; Schneider and Collins,1989). In the outer
region, we employ an R-matrix propagation scheme(Light and Walker,1976) to
extend the solution into the asymptotic regime. We have utilized the LA method
to demonstrate the versatility of our approach. As has been shown for clectren--
molccule collisions, the LA technique can handle multi-electron systems, nonlocal
effects such as exchange and correlation, and the use of different gauges in various
spatial regimes(Burke ct.al.,1991).  The analogy between the scattering cquations
in the KH gauge and those for electron-molecule collisions can be carried further.
The internuclear distance between molecular atoms closely corresponds to the
displacement «,. that represents the scparation of cffective "charges. ‘The more
extended this separation, the larger the basis needed to span the region. We
have casily treated displacements of 8 bohr on supercomputers such as a CRAY
Y-MP with single symmetries requiring a few minutes of central process  time.
On further point should be delineated, we recall that the displacement depends on
the ratio of the intensity to the square of the frequeney.  ‘Therefore, for a fixed
iy, we find that the higher the frequeney w, the Targer the corresponding intensity
that ean be handled

The programs have been checked in several ways IMirst, for the elastice
scattenng(n ne M), we have closed all channels and solved  for the  bound
cipenstates of U Foroa selection of values of oy, we obtain exeellent agreement
with the tesults of other wvestipators(Peat et al (1988, Pont et al  1990) for the
pround op state Seeond, we have cinployed the o p T paradipm to examine
an amtlopons mulin state coupltng, scheme, obtamng, apreement forall seattenny,



quantities with carlier molecular—collision programs(Collins ct.al.,1986). We have
in all cases scdulously checked the convergence of the scattering quantities as a
function of the number of channels(n,f), the number of mesh points, and the
matching radius, pushing the convergence to better than a few per cent. For the
parameters considered, we generally found that at least a nine—state(n¢|4|) CC
calculation was required with three to four({ < 5 or 7) partial waves for each
state.
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3. Results and Discussion

a) Electron—Proton Collisions in a Ficld

Many interesting phenomena arise when a laser field is introduced into
the scattering process. If we cxamine the cross section or T-matrix clements for
¢~ + H* collisons in the abscnce of an cxternal field, we find a rather mundance
functional form without any structural fcatures. However, on allowing the field to
participate in the scattering, we observe a number of resonance signatures. These
capturc-escape resonances, which had been predicted for circularly polarized
light[Franz et.al.,1990; Mart¢ and Zoller, 1991], arise form the clectron cmitting a
specific number of photons, becoming temporarily trapped in one of the bound
states, and then absorbing an  cquivalent number oll photons to escape.  As
indicated in Fig.1, we also find these resonances for lincarly-polarized light(Collins
and Csanak,1991) whea the energy difference between the electron and n-photons
approximately cquals the binding cnergy of a bound state.  We display the
magnitude of the clastic scattering ‘I'-matrix clement{(0,2) -+ (6,2)] as a function
of the quasicnergy for an electric field B, of 0.0207au(!=1.5x1013 W/cm?) and a
frequency of w -0.27 hartrees(7.35¢V) with m- 0 and even parity[a,  0.284 bohr].
The lowest peak corresponds to the two photon capture into the pround s state
of . From simple energy conservation arguments, we expected the position 1o
be 0.04h However, our cleven state CC o cdealation places the pesonanee ot o
lower enerpgy of 0.0376h. "This shift demonstiates the great importance of channe!
coupling and large CC bases i the proper representation of resonanee phenoniena
sinee for the  five state case(ne|2]),  the  lowest  coupling  order  at which
donble photon processes can appear,  we olserved an upward  snfi An mare
states are mnelnded(N 1Y, the posttion moves below 0 04h and converges on the
final value given above  The pemimminy, senes of resonanees i asnocated  wath
sinple photon tiamsitions 1o the eseted stares of  IE with pomepal gaantinm
munbers equal to 28 amd 4 eepectively The positions of these reonanee s



to kigher cnergies than expected from pure cnergy conscrvation considerations,
indicating the strong interaction among the varions channels. ‘This serics, of
course, converges to the ionization limit at 0.27h and forms an ideal candidate for
a MCQD approach suggested by Marte and Zoller(1991). We have found two
interesting trends. If we fix the frequency and increase the intensity, we observe
the resonance position moves to lower cnergies and the width broadens.
Converscely, if we set the intensity and increase the frequency, we note a decrease
in width and upward shift in the position. These observations apply only to
regimes governed by the same order of multiphoton process. For example, by
increasing the intensity, we eventually encounter a situation in which the sum of
the quiver(E‘,Zd‘w2 and binding energies exceeds the photon energy(nw). In order
to promote the electron into the field, we must invoke a higher-order photon
process(n+1). For this situation, the trends may be interrupted or reversed
depending on the strength of the coupling.

b) Multiphoton Ionization of Hydrogen

We have also performed calculations of the ionization rates for the
multiphoton ionization from atomic hydrogen. We identify the ionization rate
with the width of the resonance corresponding to the desired initial state, which
is permitted if the photon energy is significantly larger than the ionization
potential(Alber and Zoller,1988; Kyrola, 1986). We determine the width from a
fit of the eigenphase sum as a function of quasienergy using the Breit-Wigner
form. For various frequencies and intensities, ranging from 1012 to 10t W/cm3,
we obtain excellent agreement with other IgloquetéPont et.al.,1991) and
TD(Kulander,1987; Dorr et.al.,1991) calculations for ground-state jonization. As a
representative calculation, we explore the superintense regime for single~-photon
ionization(w = l.au) for H(1s). In Fig. 2, we display the ionization rate as a
function of intensity for an 15-state Cé calculations with five partial waves per
state(N=75). We find that as the intensity increases, the rate at first follows
suit. However, eventually the rate turns over and decreases for a superintense
field. This characterizes the "stabilization" or ionization suppression case(Su and
Eberly,1991; M.Dorr et.al.;1991; Kulander ct.al.,1991) seen in TD and Floquet
models. The eclectron becomes partially trapped ncar the nucleus at the higher
intensities thus lowering the probability of cscape. We compare against TD
calculations(Kulander et.al.,1991), rcpresented by the open circles, and find
excellent agreement at the very high field strengths.  Around the rate maximum,

the agreement is poorer possibly due te greater sensitivity to the manner in which
the ficld is ramped.
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4. Summary

We have extended the approach of Gavrila and Kaminski to the solution of
the Schrodinger equation in the Kramers-Henneberger gauge for electron-proton
scattering and photoionization in an intense linearly—polarized radiation field using
2 Floquet—Fourier expansion and solving the resulting set of coupled differential
equations. We observe the one- and two—photon capture—escape resonances and
examined their behavior as a function of field strength. In addition, we find
evidence of the ionization suppression mechanism for very high intensities.

We wish to acknowledge useful discussions with Dr. A.L.Merts ard Dr. P.
Milonni. Work performed under the auspices of the U.S. Department of Energy
through the Theoretical Division of the Los Alamos National Laboratory.
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